Abstract Chronic lymphocytic leukemia (CLL) is associated with a profound immune defect, which results in increased susceptibility to recurrent infections as well as a failure to mount effective antitumor immune responses. Current chemotherapy-based regimens are not curative and often worsen this immune suppression, so their usefulness is limited, particularly in the frail and elderly. This article reviews the immune defect in CLL and discusses strategies aimed at repairing or circumventing this defect. In particular, it focuses on recent developments in the areas of CD40 ligand (CD40L/CD154) gene therapy, immunomodulatory agents such as lenalidomide, and adoptive transfer of T cells bearing chimeric antigen receptors.
Introduction
B-cell chronic lymphocytic leukemia (CLL) is a disease caused by a clonal expansion of small, mature B lymphocytes. Although it is often detected as a consequence of a lymphocytosis in otherwise asymptomatic patients, patients with more advanced disease can exhibit a variety of symptoms including weight loss, sweats, lymphadenopathy, splenomegaly, and bone marrow failure. A major feature of CLL is that patients are susceptible to recurrent infections, which are a major cause of morbidity and mortality in this disease. Chemotherapy remains a key component of current therapies, but it is often potently immunosuppressive, exacerbating the immune defect and patients' susceptibility to infections. Combination chemoimmunotherapy with fludarabine, cyclophosphamide, and rituximab is the current "standard of care" but appears too toxic for the elderly and those with comorbidities, and it is not curative [1•, 2••] . Furthermore, the response to chemoimmunotherapy is still unacceptably poor in well-characterized high-risk subsets of patients.
Attempting to reconstitute the immune response in CLL is attractive for three reasons. First, the immune surveillance hypothesis suggests that in order to produce clinically detectable disease, the malignant CLL B cells must have evolved strategies of evading or suppressing the immune system, especially the anticancer effects of T cells [3] . Therefore, successful immune reconstitution should lead to repair of antitumor immunity and durable clinical responses. Second, T cells provide "help" to B cells as part of a healthy immune system, by stimulating the B cells to proliferate, inducing B-cell antibody class switching, and promoting plasma cell differentiation. In CLL, there is evidence that T cells have been skewed to provide "help" for the malignant B cells, and therefore successful immune reconstitution should reduce the availability of T-cell-derived pro-CLL factors, leading to "starvation" of the CLL cells. Finally, even in the absence of any antitumor effects, immune reconstitution would benefit patients by enabling them to fight infections more effectively and would counteract the immune suppression induced by both the disease and current therapies. Strategies employing this approach should result in therapies that are more tolerable to vulnerable patients and show enhanced efficacy in the more challenging poor-risk subgroups.
Immune Deficiency in CLL
The immune deficiency seen in CLL is wide-ranging, resulting in increased susceptibility to bacterial, viral, and fungal infections and failure to mount an effective antitumor immune response. Nevertheless, one of the earliest observations of the immune system in this disease was that there was a paradoxical increase in the number of circulating T cells, which was primarily accounted for by an increased number of CD8+ T cells, resulting in a fall in the CD4:CD8 ratio [4] [5] [6] . These T cells show a variety of phenotypic and functional abnormalities. Phenotypically, they show increased expression of CD57, CD69, and HLA-DR, along with decreased expression of CD28 and CD62L, which would suggest activation and a shift towards a terminally differentiated effector-memory subtype [7] [8] [9] . CLL patients show oligoclonal expansions of both CD4+ and CD8+ T cells, particularly within the CD57+ subset [10] [11] [12] [13] . It was subsequently demonstrated that these cells show specificity for cytomegalovirus (CMV), and that these CMV-specific T cells dominate the T-cell repertoire in seropositive patients [14, 15] . The reason for this change is unclear, but this expansion may restrict the overall T-cell repertoire by "crowding out" T cells with other specificities [16] .
Functionally, both CD4+ and CD8+ T cells from patients with CLL have been demonstrated to secrete increased amounts of the prototypical Th2 cytokine interleukin-4 (IL-4) [17] . Under normal circumstances, this cytokine promotes a humoral immune response, and it has been shown to protect CLL B cells from apoptosis by upregulating expression of the anti-apoptotic molecule Bcl-2 [18] [19] [20] . Furthermore, IL-4-producing CD8+ T cells from CLL patients show increased expression of CD30 [21] . Ligation of CD30L on the surface of the CLL B cells has been shown to stimulate their production of TNF-α causing them to proliferate. Conversely, binding to CD30L on the surface of the nonmalignant B cells impairs isotype class switching and increases their sensitivity to FasL-mediated cell death [22] . In combination with the defects in T-helper cell function, this change may underlie the hypogammaglobulinemia seen in CLL [23, 24] . Expansion of CD4 + CD25+ regulatory T cells (T regs ) also may contribute to the immune defect in CLL. Absolute numbers of T regs are increased in CLL, with the largest increases found in patients with the most clinically advanced disease [25] [26] [27] . Higher frequencies of T regs have also been shown to correlate with decreased Tcell responses against viral and tumor antigens [26] . T regs also may decrease cellular immunity by soluble IL-2 receptor secretion, inhibiting Th1 differentiation [28] . The expansion of T regs in CLL may be due to a combination of increased formation, facilitated by intranodal CD27-CD70 interaction, and decreased sensitivity to apoptosis as a consequence of higher expression of Bcl-2 [29, 30] .
Further information about the nature of the T-cell defect in CLL was provided by our work using global gene expression profiling to demonstrate that T cells from patients with CLL show a number of differentially expressed genes when compared with age-matched healthy donor T cells [31] . Although the T cells were not part of the tumor clone, analysis revealed altered expression of genes involved in cell differentiation and cytoskeletal formation in patient CD4+ T cells, and cytoskeletal organization, vesicle trafficking, and cytotoxicity pathways in patient CD8+ T cells. Similar alterations in cytoskeletal formation pathways could be induced in healthy allogeneic T cells by co-culturing them with CLL cells, in a contact-dependent manner. We have subsequently demonstrated that these changes in the expression of cytoskeletal genes translate into a functional defect in actin polymerization. The result is that T cells from CLL patients exhibit defective immunologic synapse formation with antigen presenting cells (APCs), a finding that could similarly be induced in healthy T cells by coculturing them with CLL cells [32] . Support for these findings was provided by our observations that the development of leukemia in Eμ-TCL1 transgenic mice induces remarkably comparable changes in gene and protein expression and T-cell function to those seen in human patients with CLL [33] . This work demonstrated that it is the CLL cells that drive the changes in T cells, as infusion of malignant T cells into healthy animals induced the gene expression and functional defects. Further studies have shown that this model also accurately mimics the shift towards an antigen-experienced phenotype observed in the human disease [34] .
CD40 Ligand Gene Therapy
A further important finding in the immunobiology of CLL was the observation that patient T cells show reduced expression of CD40L [35] . CD40/CD40L interactions are crucial for the maturation, expansion, and survival of normal B cells. Under normal circumstances, ligation of the T-cell receptor (TCR) results in transient expression of CD40L, a class II membrane glycoprotein [36] . This can bind CD40 expressed by B cells, resulting in upregulation of adhesion molecules including intercellular adhesion molecule-1 (ICAM-1/CD54), lymphocyte function associated antigen-3 (LFA-3/CD58), and co-stimulatory molecules such as CD80 and CD86 [37] . Despite expressing near-normal levels of MHC class II molecules, CLL B cells are poor antigen presenters because of reduced expression of CD80 and CD86 [38] . Pre-activation of these cells by CD40 ligation can upregulate these co-stimulatory molecules and significantly improve the antigen-presenting function of the CLL B cells. When CLL cells were co-cultured with mouse fibroblasts expressing human CD40L, they rapidly upregulated CD80 and CD86 and were able to prime allogeneic CD8+ T cells to show cytotoxicity towards unstimulated CLL B cells [39] .
Therefore, a number of strategies have been developed to capitalize on the activating effect of CD40L on B cells. One such technique was to use adenoviral vectors to transduce CLL cells to express CD40L. In addition to inducing expression of co-stimulatory and adhesion molecules on the transduced cell, this technique can enable them to "transactivate" noninfected bystander CLL B cells. Preclinical studies demonstrated that these modified B cells were highly effective stimulators in mixed lymphocyte reactions and were able to induce generation of cytotoxic CD8+ T cells that were specific for autologous unmodified cells [40] . A subsequent clinical trial examined the safety and efficacy of infusions of autologous tumor cells that had been transduced ex vivo with murine CD40L, which was more efficiently expressed than human CD40L. This treatment was well tolerated and resulted in peripheral blood and lymph node responses, but some of the patients developed antibodies against the murine CD40L [41] . In light of this finding, a recombinant humanized CD40 binding protein, ISF35, was developed. A recent phase 1 study investigated the effect of autologous tumor cells transduced ex vivo with ISF35, in patients with CLL. The infusions were again well tolerated and were consistently followed by reductions in circulating lymphocyte counts and lymphadenopathy. After infusion, the circulating CLL B cells had increased expression of pro-apoptotic molecules CD95, DR5, p73, and BCL-2 interacting domain (Bid), which enhanced their susceptibility to apoptosis. A reduction in levels of an anti-apoptotic molecule, Mcl-1, was also noted, and these findings were also observed in patients with deletion of chromosome 17p [42•] . Further in vitro data have provided a rationale for combining this approach with rituximab, as stimulation of CLL B cells by CD40L sensitizes them to rituximab-induced cell death [43] . However, it has also recently been demonstrated that CLL B cells show heterogenous responses to CD40L stimulation. Patients with CLL B cells that were relatively unresponsive to CD40L showed a poor clinical outcome with a shorter time to progression, which presumably reflected less dependency on the microenvironment and higher autonomous proliferative and survival potential [44] . As a consequence, this subset of patients may well exhibit a poor response to CD40L gene therapy.
Lenalidomide
Lenalidomide has been demonstrated to have significant clinical activity in CLL. In previously untreated patients, the overall response rate with single-agent lenalidomide was 56%. This is comparable to the response rates of commonly used agents such as fludarabine, alemtuzumab, bendamustine, and chlorambucil when used as first-line single agents [45••] . Furthermore, a phase 2 trial has demonstrated similar activity in elderly patients (≥65 years), with lenalidomide being generally well tolerated [46•] . In light of these findings, trials of combinations of lenalidomide with more established agents are under way. One of the key features of lenalidomide's clinical activity in CLL is that patients generally can tolerate only lower doses (10 mg) than are used in other hematologic malignancies such as myeloma (25 mg). A major contributing factor to this difference is the presence of a "tumor flare" reaction, which appears to be unique to CLL. This reaction is manifested by acute swelling of involved lymph nodes, associated inflammation of the overlying skin, hepatosplenomegaly, rash, and fever. Its severity has been found to correlate with increased expression of CD40, CD80, and CD86, and consequently it has been suggested that this "flare" occurs as a result of the improvement in CLL B-cell antigen presentation, inducing an immune antitumor response [47] . The presence of a tumor flare reaction appears to correlate with clinical outcome, suggesting that mechanisms underlying this phenomenon may also account for the antitumor effect of this agent [48] . However, the existence of this phenomenon is proving a challenge to combination regimens using lenalidomide: a recent report concluded that the concurrent administration of fludarabine, rituximab, and lenalidomide was not tolerable, owing to tumor flare, idiosyncratic drug reactions, and myelosuppression [49] . The optimal use of lenalidomide in CLL remains to be determined, and rational combination therapies may seek to avoid the use of lenalidomide with T-cell depleting agents such as fludarabine, instead focusing on its use with monoclonal antibodies such as rituximab, or as a maintenance therapy.
Despite its activity in a variety of hematologic diseases, the mechanism of action of lenalidomide is not well understood. Early work identified lenalidomide's ability to inhibit production of TNF-α, IL-1β, IL-6, and IL-12 from lipopolysaccharide-stimulated peripheral blood mononuclear cells (PBMCs) in vitro [50] . Subsequent research demonstrated that lenalidomide had co-stimulatory effects, causing T-cell activation with increased production of IL-2 and interferon-γ and triggering tyrosine phosphorylation of CD28 with downstream activation of NF-κB [50] [51] [52] . We have shown that the functional defect of T cells in CLL is associated with impaired actin polymerization resulting in defective immunologic synapse formation. We subsequently demonstrated that treatment of both autologous T cells and CLL cells with lenalidomide resulted in repair of this defect, suggesting that this repair may be a key component of this agent's activity in CLL [32] . Other investigators have shown that pomalidomide, an analogue of lenalidomide, can activate the cytoskeletal regulators Rac1 and RhoA. There is also evidence to suggest that lenalidomide has effects on the malignant B cells, inducing upregulation of CD40L, Bid, DR5, and p73, which sensitizes them to TNF-related apoptosis-inducing ligand (TRAIL)-mediated apoptosis [53] . Lenalidomide also has effects on other nonmalignant lymphocyte subsets, having been shown to decrease the number of T regs and to augment natural killer cell-mediated cytotoxicity [54] [55] [56] .
Chimeric Antigen Receptors
A particularly interesting area of investigation, which aims to circumvent many of the problems associated with the approaches discussed above, is the adoptive transfer of T cells with specificity for tumor antigens (Fig. 1) . The existence of a graft versus leukemia (GVL) effect and the fact that allogeneic hematopoietic stem cell transplantation remains the only curative therapy for CLL have led to this being the "holy grail" of cancer immunotherapy for many years [57] . There are two main strategies for generating tumor-specific T cells. The first involves the gene transfer of T-cell receptors (TCRs) with known specificity into autologous or allogeneic T cells, which are then expanded in vitro and infused into patients. This approach has had some successes, most notably in melanoma and in the use of T cells specific to Epstein-Barr virus to treat posttransplant lymphoproliferative disorders [58] [59] [60] . However, the recognition of the tumor antigens is MHC-restricted, so the use of these T cells must be individualized on a patient-by-patient basis according to their MHC type. Furthermore, there is a risk that a subunit of the transgenic TCR could mis-associate with a subunit of the endogenous TCR, changing the specificity of the T cell and potentially leading to autoimmunity.
The second strategy involves the use of an antibodyderived antigen-binding moiety (usually a single-chain variable fragment) fused with an internal signalling domain such as CD3ζ to form a chimeric antigen receptor (CAR) [61] . This approach eliminates MHC restriction, enabling the same CAR to be used for several different patients. Furthermore, the use of an antibody receptor means that potential targets can be increased to include a wide range of surface proteins, sugars, and lipids [62] . The target of these CARs must be carefully selected to avoid "on-target, off-organ" effects, which potentially can occur when the antigen is also expressed on nonmalignant tissues. In the context of CLL, particularly attractive targets are CD19, CD20, CD23, and receptor tyrosine kinase-like orphan receptor 1 (ROR1). CLL B cells express high levels of CD19, in contrast to the relatively reduced expression of CD20. A disadvantage of targeting these molecules is that they are also expressed by normal B cells, so CAR T cells targeting them will also eliminate normal B cells, causing persistently impaired humoral immunity and exacerbating the immunodeficiency already present in CLL [63] . Anti-ROR1 CAR CD8+ T cells that recognize autologous CLL B cells have been successfully generated from patients with CLL. ROR1 has the advantage of being selectively expressed by malignant B cells, although it is also expressed by undifferentiated embryonic stem cells and (at low levels) in adipose tissue Fig. 1 Adoptive T-cell therapies in chronic lymphocytic leukemia. T-cell mediated therapies include the adoptive transfer of allogeneic T cells as part of hemopoietic stem cell transplantation, the transfer of allogeneic or autologous T cells with a transgenic T-cell receptor, and the transfer of T cells with chimeric antigen receptors (CARs). Early studies used CAR T cells without a co-stimulatory domain (1st generation). Current trials are using 2nd-generation CAR T cells, with either a CD28 or CD137 (4-1BB) co-stimulatory domain. Preclinical studies are investigating the combination of co-stimulatory domains (3 rd generation) [64] . Similarly, anti-CD23 CAR T cells generated from CLL patients have shown cytotoxicity against autologous and allogeneic CLL cells and also have shown an in vivo antitumor effect in a xenograft murine model [65] .
A number of phase 1/2 clinical trials are under way using anti-CD19 CAR T cells for the treatment of B-cell malignancies [63] . Preclinical studies demonstrated that anti-CD19 CAR T cells could efficiently lyse a wide panel of human CD19+ tumor cell lines and primary malignant B cells and also showed antilymphoma effects in a murine model [66, 67] . The addition of a co-stimulatory domain such as CD28 has been shown to significantly improve the efficacy of CAR T cells, overcoming the reduced expression of CD80 and CD86 seen in B-cell malignancies such as CLL [38, 68] . A clinical trial with anti-CD19 CAR T cells in a patient with advanced follicular lymphoma resulted in regression of lymphadenopathy, associated with Blymphopenia and hypogammaglobulinemia. Unfortunately, the CAR T cells did not persist long-term: the anti-CD19 CAR became undetectable at 27 weeks, and progressive disease developed at 32 weeks [69] . This group has treated two patients with CLL, with the first patient achieving a complete remission after infusions of the anti-CD19 CAR T cells. All of these patients received conditioning with fludarabine, cyclophosphamide, and high-dose interleukin-2 (IL-2) [70] . A second group has treated eight patients with relapsed purine analogue-refractory CLL in two cohorts. The first cohort of three patients was treated without cyclophosphamide conditioning and showed no objective responses. The next patient received lymphodepleting chemotherapy with cyclophosphamide as part of the trial design. Unfortunately, this patient rapidly developed hypotension, respiratory distress, and renal failure, and died within 48 h of infusion of the T cells [71] . The death was attributed to sepsis rather than to the CAR T cells directly, but it still highlights the risks associated with this therapy. A further four patients have been treated with cyclophosphamide conditioning with a reduced dose of T cells, and three of these patients showed disease stabilization or lymph node responses. This group showed some persistence of the anti-CD19 CAR T cells, which were detectable by immunohistochemistry in bone marrow up to 2 months after infusion [72] . This trial has highlighted the importance of the conditioning regimen in promoting T-cell engraftment and activation and sensitizing the tumor cells to cell-mediated cytotoxicity. In particular, it may be vital to eliminate T regs , which are known to be expanded in CLL and can be suppressed with fludarabine treatment [25, 26, 29] . It may also be important to eliminate other subpopulations such as immature dendritic cells and cell populations that compete for the same survival and stimulatory cytokines [63] .
A further recent report documented a case of a heavily pretreated patient with refractory CLL who entered a complete remission after the adoptive transfer of secondgeneration anti-CD19 CAR T cells. What was particularly interesting about this case was that these cells were still detectable at 6 months after the infusion and had started to express the adhesion molecule CCR7 and the interleukin-7 receptor (CD127). Both of these molecules are associated with the acquisition of a "central memory" phenotype, which is known to be important in maintaining robust and persistent antitumor immune responses. This patient received conditioning with pentostatin and cyclophosphamide and received a relatively low dose of 1.46×10 5 transduced T cells/kg with no additional cytokines. There were no acute toxic effects, although the patient subsequently developed tumor lysis syndrome at day 22, which was temporally associated with high levels of inflammatory cytokines and 1000-fold proliferation of the anti-CD19 CAR T cells [73•] . The same group also reported two further cases, one of whom also achieved complete remission after heavy pretreatment. The second patient, who also had deletion of p53, showed only a partial response to anti-CD19 CAR T cells, but required corticosteroids for persistent fevers and constitutional and cardiac symptoms at day 18 [74] . The key to the success of these CAR T cells appears to be the use of the CD137 (4-1BB) co-stimulatory domain. This domain was chosen over CD28 because it is less likely to trigger IL-2 and TNF-α secretion and thus less likely to induce a "cytokine storm" and differentiation of T regs . In a murine model of primary human pre-B-cell acute lymphoblastic leukemia, human T cells expressing anti-CD19 CARs containing CD137 were significantly more effective than cells expressing CARs containing the CD28 signaling domain, and they showed prolonged survival [75] . Indeed, no rises were seen in these cytokines, in contrast to the increase in serum TNF-α and tumor flare reaction seen with lenalidomide and the increased secretion of TNF-α by anti-CD23 CAR T cells when the CD28 domain was used [65, 76] . The T cells still express CD28, so it is possible that these cells actually behave more like third-generation CARs, which include a combination of co-stimulatory domains [77] .
Although this is an encouraging development, much further work is needed. Correlative multiparameter flow cytometry showed high expression of CD45RA, PD-1, and CD57 on both CD4+ and CD8+ CAR T cells 169 days after infusion [74] . These findings may well reflect the extensive replicative history of these cells, but they also could indicate T-cell exhaustion and incipient loss of function [78] . It is possible that this exhaustion could lead to treatment failure in the longer term, requiring further infusions of these T cells to maintain clinical responses. However, the converse may apply, with high expression of inhibitory receptors such as PD-1 actually acting as a brake on these cells, reducing the risk of systemic immune activation and adverse effects. Furthermore, the risk associated with profound long-term B-cell lymphopenia and hypogammaglobulinemia is still unknown; the immune deficiency that is already a feature of CLL could be exacerbated. Nevertheless, this remains an exciting area of research because of the potential of targeting of alternative tumor antigens, other co-stimulatory approaches, and the engineering of other cell types with CARs, such as natural killer (NK) cells and NKT cells [79] .
Conclusions
The recent successes of CD40L gene therapy, CAR T cells, and lenalidomide have highlighted the "coming of age" of immunotherapy for CLL. These approaches offer the opportunity to provide patients with therapies that reduce rather than exacerbate the immune suppression associated with this disease, allowing treatment strategies that are viable for all patients, including the elderly and those with comorbidities. Furthermore, a particularly exciting aspect of these treatments is that they appear to be effective in subgroups of patients who have posed a particular challenge to standard therapy.
